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Abstract

Songbirds produce high rates of song within multiple social contexts, suggesting that they are highly
motivated to sing and that song production itself may be rewarding. Progress has been made in
understanding the neural basis of song learning and sensorimotor processing, however little is known
about neurobiological mechanisms regulating the motivation to sing. Neural systems involved in
motivation and reward have been conserved across species and in songbirds are neuroanatomically
well-positioned to influence the song control system. Opioid neuropeptides within these systems play
a primary role in hedonic reward, at least in mammals. In songbirds, opioid neuropeptides and
receptors are found throughout the song control system and within several brain regions implicated
in both motivation and reward, including the medial preoptic nucleus (POM) and ventral tegmental
area (VTA). Growing research shows these regions to play a role in birdsong that differs depending
upon whether song is sexually-motivated in response to a female, used for territorial defense or sung
as part of a flock but not directed towards an individual (undirected song). Opioid pharmacological
manipulations and immunocytochemical data demonstrate a role for opioid activity possibly within
VTA and POM in the regulation of song production. Although future research is needed, data suggest
that opioids may be most critically involved in reinforcing song that does not result in any obvious
form of immediate externally-mediated reinforcement, such as undirected song produced in large
flocks or during song learning. Data are reviewed supporting the idea that dopamine activity underlies
the motivation or drive to sing, but that opioid release is what makes song production rewarding.
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For songbirds, the production of song at key developmental points and within specific social
contexts is crucial for reproductive success. A majority of research on the neurobiology of
birdsong is focused on sensorimotor aspects of song learning and production (see multiple
reviews in Zeigler and Marler, 2004). This emphasis has revealed much about the “song control
system” a discrete group of interconnected brain regions devoted to the acquisition and
production of song motor patterns. However much less attention has been devoted to
understanding what activates the song control system or how the brain regulates the
motivation to sing. Songbirds appear highly motivated to sing within specific contexts, and it
is possible that the act of singing itself is reinforcing. There is little to suggest that the motivation
to sing rests within components of the song control system. Instead data suggest that highly
conserved neural systems known to underlie motivation and reward interact with the song
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control system to ensure that a bird sings an appropriate song within an appropriate social
context.

The pleasure or hedonic value associated with a particular stimulus is a powerful behavioral
directive, guiding animals to engage in behaviors that are highly adaptive and critical for
reproductive success, such as feeding, social or sexual behavior. Opioid neuropeptides serve
as natural rewards and have been implicated in affect and social behaviors, including vocal
communication (reviewed in Panksepp et al., 2004). In the present review data are presented
that suggest opioids may also play an important role in motivation and reward associated with
song production. The first half of this review is devoted to defining motivation and reward, the
neural systems that underlie motivation and reward, and data supporting the idea that the act
of song production is rewarding. Once this interpretive framework has been established, the
second half of this review focuses in detail on what is known about opioid participation in song
production and a case is made that opioids play a crucial, possibly context-specific role in the
motivation to sing.

Context differences in the motivation to sing

Birds sing at high rates within distinct social contexts, including during song acquisition, when
in large social flocks, and when singing to attract a mate or to repel a competitor (Catchpole
and Slater, 1995b). What motivates a male to sing can differ depending upon both hormonal
state and social context. Interestingly, what serves to reinforce or reward song may also differ
context-dependently. | will emphasize in this review two motivationally and functionally
distinct types of song which can be used to tease apart the role of motivation and reward systems
in song production: sexually-motivated and undirected song.

What motivates song differs context-dependently

In both seasonally breeding and opportunistically breeding songbirds, males with high
testosterone (T) often respond to the introduction of a female conspecific with high rates of
song production accompanied by courtship displays (Ball et al., 2008; Catchpole and Slater,
1995b; Wingfield and Farner, 1993). In some species, after a male attracts and pairs with an
individual female for the breeding season, a general decrease is observed in song output (e.g.,
European starlings (Sturnus vulgaris); Cuthill and Hindmarsh, 1985; Eens et al., 1994).
However, males often resume singing at high rates immediately prior to each copulation (Eens
and Pinxten, 1990; Eens and Pinxten, 1995; Pinxten and Eens, 1997). Song directed towards
females by males with high T concentrations can be considered highly sexually-motivated and
possibly goal-directed (with the goal of attracting a mate).

In contrast to sexually-motivated song, male songbirds also sing at high rates for purposes
other than mate attraction. For example, some seasonally breeding songbirds sing at high rates
outside of the breeding season, when T concentrations are low, as part of large communal
flocks (e.g., song sparrows (Melospiza melodia) and European starlings; Riters et al., 2000;
Smith et al., 1997). However, at this time males do not sing at high rates in response to the
introduction of a female (e.g., European starlings; Riters et al., 2000). Exactly what motivates
birds to sing in large flocks is not clear. Song is not directed towards individual conspecifics,
but may be important for the maintenance of social contact, dominance rank or song learning
(e.g., white-throated sparrows (Zonotrichia albicollis) and European starlings; Catchpole and
Slater, 1995a; Hausberger et al., 1995; Wiley et al., 1993). Opportunistically breeding
songbirds, such as male zebra finches (Taeniopygia guttata), also sing at high rates while in
large social flocks. Song in these groups can be sexually-motivated and directed towards a
female; however, males also sing high rates of song that is not directed towards a specific
individual. This form of song is common outside the breeding season, is generally ignored by
potential recipients, not used to immediately attract females or repel competitors, and not

J Chem Neuroanat. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 3

clearly directed towards a specific individual (Dunn and Zann, 1996; Zann and Bamford,
1996). In zebra finches this type of song is often described as undirected (Dunn and Zann,
1996; Jarvis et al., 1998), and | will adopt this terminology here.

What rewards song may also differ context-dependently

Observations of songbirds also suggest that what rewards a male for singing may differ
depending upon the context in which song is produced. Specifically, sexually-motivated song
often results in immediate reinforcement in the form of copulation. Thus song in this context
may be rewarded to a large extent through attraction of a female and neurochemicals released
in association with copulation. Unlike sexually-motivated song, undirected song is not
immediately followed by any obvious form of externally-mediated reinforcement, yet males
continue to sing at high rates, suggesting song may be tightly linked to internal reward systems.
Overall, given that song during the breeding season can be highly sexually motivated and
reinforced by copulation, brain regions involved in sexual motivation and incentive drive (i.e.,
motivated behavior stimulated by an external factor, or incentive) are likely to participate in
song produced within this context. In contrast, although undirected song is produced at high
rates, no clear song eliciting incentive has been identified, thus brain areas involved in sexual
motivation or incentive drive would not be expected to play as critical a role in the regulation
of song in this context. One possibility is that song in this context is maintained primarily
through internal reinforcement. If true, it would be expected that neural reward systems would
be especially important during undirected song production.

The neural regulation of motivation and reward

The neural basis of motivation and reward has been intensely studied in rodent model systems.
These studies reveal highly evolutionarily conserved neural circuits and neurochemicals to
underlie motivation and reward associated with feeding, sexual behavior, and the use of drugs
of abuse. Although dopamine activity has received a majority of research attention, opioid
activity within the mesolimbic system also plays an important role in motivation and reward
(Agmo and Gomez, 1991; Agmo and Gomez, 1993; Devine and Wise, 1994; Smith and
Berridge, 2007). This system originates in the ventral tegmental area and includes projections
to the nucleus accumbens, amygdala, hippocampus, septum and bed nucleus of the stria
terminalis. The involvement of other dopamine and opioid rich neural systems has received
less attention; however, the incertohypothalamic system, which includes projections from the
zona incerta to the medial preoptic area and paraventricular nucleus, and reciprocally connects
with nuclei of the mesolimbic system, also plays an important role in motivation and reward
(Band and Hull, 1990; Hull et al., 1995; Hull et al., 1999; Moses et al., 1995; Panzica et al.,
1996; Pfaus and Phillips, 1991; van Furth et al., 1995a). These systems have been highly
conserved and are similar in birds and mammals (Bharati and Goodson, 2006; Goodson,
2005; and as reviewed below).

Motivation and reward are tightly linked, yet distinct components of behavior. For example,
if a behavior such as song production is associated with reward (i.e. pleasure or hedonic value),
this behavior is more likely to be repeated. Should the reward be great, the animal is likely to
express the behavior at high rates and produce the behavior even in the face of obstacles,
reflecting a high level of motivation. Based on studies of drugs of abuse and naturally rewarded
behaviors such as feeding and sexual behavior in rats, it appears that although closely related,
reward and motivation involve distinct neurochemical modulators. The neurotransmitter
dopamine has long been implicated in reward; however, mounting evidence suggests that
dopamine is not the neurotransmitter underlying “liking” or reward per se (that is, it does not
underlie pleasure or hedonic value). Rather, recent data strongly suggest that dopamine plays
a crucial role in “wanting”, incentive drive or anticipatory components of behavior (e.g.,
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Berridge and Robinson, 1998; Berridge, 2003; Berridge and Kringelbach, 2008; Blackburn et
al., 1992; Hull et al., 1995; Kelley and Berridge, 2002; Koob, 1996; Moses et al., 1995;
Panksepp et al., 2004; Pfaus and Phillips, 1991; Salamone et al., 2003; van Furth et al.,
1995b). In rodents and primates, dopamine also appears important for reward prediction, and
learning or stamping in relationships between a stimulus and a reward (Marcus, 2002; Schultz,
2001; Schultz, 2002; Wise, 2002; Wise, 2004a; Wise, 2004b; Wise, 2005). However, again in
studies separating “liking” from “wanting” data do not strongly support the idea that dopamine
functions as the final neurotransmitter of reward (reviewed in Berridge, 2007). Instead, once
an animal comes into contact with an incentive or rewarding stimulus, other neurochemical
systems, including opioids, appear to regulate reward.

Several studies in rats indicate a primary role for opioid neuropeptides in hedonic reward,
which can result in satiety, reflected in an inhibition of motivated behaviors (Agmo and
Paredes, 1988; Berridge, 2003; Burgdorf and Panksepp, 2001; Kelley and Berridge, 2002; van
Furthetal., 1995b; Van Ree etal., 2000). The idea that dopamine underlies motivation, whereas
as opioids underlie reward is well supported by studies of feeding, drugs of abuse, and sexual
behavior. For example, opioids stimulate measures of “liking” for highly palatable food in rats
(reflected in characteristic facial responses, which include lip licking and tongue protrusions).
In contrast, dopamine stimulates measures of “wanting” but not “liking” (reviewed in Berridge,
2007; with the number of bar presses for food in an operant test apparatus considered a
reflection of “wanting™). Furthermore, in male rats microdialysis reveals that dopamine release
in the preoptic area occurs during the anticipation of copulation and during interactions with
a female that result in copulation (Hull et al., 1995). In contrast, data suggest that rather than
occurring in anticipation of copulation, opioid release occurs in association with ejaculation
in male rats (Agmo and Berenfeld, 1990; Coolen et al., 2004; Forsberg et al., 1987; Szechtman
et al., 1981). Interestingly, treating male rats with a dopamine receptor antagonist did not
disrupt ejaculation-induced reward measured in a conditioned place preference paradigm. In
contrast, treating male rats with an opioid receptor antagonist blocked ejaculation-induced
reward (Agmo and Berenfeld, 1990). Together these results suggest that dopamine primarily
underlies motivation and anticipatory components of behavior; whereas, opioids underlie
reward.

rewarding?

Song production is something that cannot be manipulated in the same way as for example a
food reward. That is, one cannot experimentally administer the act of singing. Therefore, it is
difficult to assess the extent to which songbirds “like” or “want” to sing using traditional
measures of motivation and reward such as conditioned place preference or bar pressing
paradigms. Although whether the act of singing is rewarding has not been directly tested,
multiple studies suggest that hearing song, including a bird’s own song, is rewarding and that
a bird’s own vocal behavior can feed back to stimulate that bird’s neuroendocrine system.
Nottebohm (1968) demonstrated years ago that if a young male chaffinch (Fringilla coelebs)
is deafened during the subsong stage of song learning he regresses and sings a simplified form
of song. When deafened as adults, songbirds can sing full song (albeit in an increasingly
degraded form (e.g., zebra finches, Bengalese finches (Lonchura striata domestica);
Lombardino and Nottebohm, 2000; Nordeen and Nordeen, 1992; Woolley and Rubel, 1997);
however deafening results in a dramatic reduction in song rate (e.g., zebra finches, canaries
(Serinus canaria), Gambel’s white-crowned sparrows (Zonotrichia leucophrys gambelii);
Brenowitz et al., 2007; Horita et al., 2008; Jarvis and Nottebohm, 1997). This suggests that a
lack of acoustic feedback reduces the motivation to sing, consistent with song serving as a
reinforcer. Deafening however does not completely extinguish song, suggesting that perhaps
song may be maintained in part through memory or reward obtained through proprioceptive
aspects of singing.
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Consistent with the idea that hearing song is reinforcing in songbirds, male chaffinches and
female starlings have been shown to land and remain on perches triggering conspecific song
playback (e.g., Gentner and Hulse, 2000; Stevenson-Hinde, 1972; Stevenson-Hinde and Roper,
1975). Furthermore, isolated young male juvenile zebra finches can be trained to peck a key
for playback of conspecific song (Adret, 1993; Tchernichovski et al., 1999), suggesting again
that hearing song is rewarding.

Several studies in ring doves (Streptopelia risoria), non-songbirds that display high levels of
vocal behavior as part of courtship, demonstrate that the act of vocal production can be self-
stimulatory. In female ring doves both auditory and proprioceptive aspects of vocal production
feed back onto hypothalamic neural systems to strongly influence reproductive endocrinology
and circuits richly innervated with enkephalin opioids (Cheng and Zuo, 1994; Cheng and
Durand, 2004). Based on these data it is possible that self-stimulation of limbic systems through
vocal production underlies reward or the motivation to communicate (reviewed in Cheng and
Durand, 2004). Together, results from these studies and the fact that songbirds often sing at
extremely high rates despite risk of predation and physical costs indicate that birds are highly
motivated to sing and that the acoustic or proprioceptive components of the act of singing itself
may be rewarding.

Opioids, social, and sexual motivation

Multiple studies including rats, Guinea pigs, primates, chicks, and dogs implicate opioid
activity in the regulation of social contact (Carden et al., 1996; Herman and Panksepp, 1978;
Kalin et al., 1995; Nocjar and Panksepp, 2007; Panksepp et al., 1978; Panksepp et al., 1979;
Panksepp et al., 1980; Plonsky and Freeman, 1982). In general high levels of opioid activity
result in a reduction in social motivation, including measures of social interest, affiliative
behaviors, and vocal behavior. In contrast, low levels of opioid activity are associated with a
high level of social motivation. One interpretation of these findings is that opioid release
reinforces social contact, after which animals experience satiety associated with a reduction in
social motivation.

Endogenous opioids are also released during copulation, and appear to regulate reward and
satiety reflected in a temporarily decreased responsiveness to females immediately following
copulation. Peripheral or ventricular opioid agonists generally inhibit male sexual behavior in
rats (Agmo and Paredes, 1988; Pfaus and Pfaff, 1992); whereas, blocking opioid release during
copulation in experienced animals (including birds and mammals) tends to produce an increase
in sexual behaviors (e.g., male rats, female white-crowned sparrows, male Japanese quail
(Coturnix japonica); Maney and Wingfield, 1998; Riters et al., 1999; Rodriguez-Manzo and
Fernandez-Guasti, 1995), possibly reflecting an increase in an individual’s attempts to receive
opioid reward normally associated with copulation.

Several brain regions within motivation and reward systems have been identified as playing a
role in highly motivated social behaviors. The nucleus accumbens has been a focus of much
research in rats; however, in songbirds this region has not been definitively identified and to
date putative locations of the nucleus accumbens have not yet been related to song production
(e.g., European starlings; Riters et al., 2005). Two regions that repeatedly have been implicated
in motivation and reward and more recently in birdsong will be highlighted in this review: the
medial preoptic nucleus (often referred to as POM in birds) and the ventral tegmental area
(VTA). A large body of data implicates the preoptic area and VTA as important sites in which
opioids regulate reward. Direct pharmacological manipulations and opioid self administration
studies in rats reveal opioids to be rewarding when infused into the preoptic area and VTA
(Agmo and Gomez, 1991; Agmo et al., 1994; Bozarth and Wise, 1981; Bozarth and Wise,
1983; Devine and Wise, 1994). Administering an opioid receptor antagonist directly into the
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medial preoptic area in rats blocked reward associated with copulation (measured using a
conditioned place preference test) without suppressing copulation (Agmo and Gomez, 1993),
highlighting the POM as a site in which opioids act to reward sexual activity. In male rats and
Japanese quail, injections of opioid peptides into the medial preoptic area inhibit neural activity
and sexual behavior (Agmo and Gomez, 1993; Kotegawa et al., 1997; van Furth et al.,
1995a; van Furth et al., 1995b), suggesting sexual reward and satiety are regulated by opioid
release and an accompanying reduction of activity in the preoptic area. In contrast, opioid
agonists targeting VTA in rats are found to stimulate sexual motivation (Mitchell and Stewart,
1990; van Furth et al., 1995b; van Furth and van Ree, 1996). Opioids and dopamine interact
within the VTA to stimulate motivated behavior in rodents (reviewed in van Furth et al.,
1995b). Specifically, in rodents opioids within the VTA stimulate dopamine, and associated
sexually motivated behaviors, presumably by inhibiting GABA which then disinhibits
dopamine (Kalivas, 1993). Thus, in addition to evidence that opioids in VTA are rewarding,
opioids may contribute to motivational components of song through interactions with
dopamine in VTA.

Opioids and vocal communication

Several studies in multiple species are consistent with an inhibitory role for opioids in vocal
production. Specifically, opioid blockade increased both vocal behaviors associated with the
anticipation of social reward in socially experienced rats (Burgdorf and Panksepp, 2001) and
vocalizations important for maintaining social contact in domestic chicks (Gallus
domesticus), Guinea pigs, dogs, and rat pups. Furthermore, stimulation of mu and delta opioid
receptors (receptors that bind enkephalin opioids) leads to a reduction in social contact
vocalizations in multiple species (Carden et al., 1991; Carden et al., 1996; Herman and
Panksepp, 1978; Panksepp et al., 1978; Panksepp et al., 1980; Winslow and Insel, 1991). In
infant rhesus monkeys that had been separated from their mothers, opioid administration
reduced infant vocal behavior occurring during reunion, whereas an opioid antagonist had the
opposite effects (Kalin et al., 1995).

Opioids and song production

The effects of opioid receptor manipulations on birdsong have not been extensively studied,
but data to date are consistent with an inhibitory role for opioids in male song production.
Specifically, opioid involvement in male song was examined in castrated, T treated male
European starlings singing sexually-motivated song in response to a female (Riters et al.,
2005). Across four alternating test days males were treated with the opioid antagonist naloxone
or vehicle. When treated with naloxone males sang significantly more complete song bouts
(Fig. 1) and spent a larger proportion of time singing. Although the magnitude of the effect
was not large, it was observed in the majority of birds (Fig. 2). Furthermore, males were already
singing at high rates under control conditions. Therefore seeing a further increase in song after
naloxone treatment strongly supports the idea that opioid blockade stimulates male song
production.

Using the same testing procedures, a separate group of castrated, T treated male European
starlings was tested after peripheral injections of either the mu opioid receptor agonist fentanyl
or vehicle (Schroeder and Riters, 2006). Fentanyl significantly suppressed production of
complete or incomplete song bouts (Fig. 1), and males spent a larger proportion of time singing.
The effects of naloxone and fentanyl on behavior appeared to be specific to song production.
For example, neither naloxone or fentanyl significantly affected bouts of feeding and drinking
(Fig. 1). Together the past opioid pharmacology studies in male starlings implicate opioids in
sexually-motivated song production; however, whether such manipulations will have the same
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or more potent effects on undirected song (i.e., song without any obvious externally-mediated
reinforcer) remains to be tested.

At first the effects of opioid receptor manipulations on song may seem counterintuitive. If it
is assumed that opioid release is what makes the act of singing rewarding, why would
blocking opioid receptors increase vocal production? One explanation is that animals learn to
associate vocal production with resulting opioid release and reinforcement. In the absence of
such reinforcement in association with vocal production (i.e., when an animal is treated with
an opioid receptor antagonist) an animal will vocalize at even higher rates in an attempt to
obtain the opioid reinforcement normally associated with vocal production (or in a sexually-
motivated context, opioid reinforcement through copulation). This leads to the intriguing
possibility in songbirds that opioid receptor blockade will have opposing effects on song
production in experienced versus inexperienced singers. It may be that in contrast to the
stimulatory effects of opioid receptor antagonists described in experienced male European
starlings (Riters et al., 2005), opioid antagonists will inhibit song production in inexperienced
singers who have not yet learned to associate the act of singing with opioid reinforcement (i.e.,
prior to or in the initial stages of song learning).

Evidence that individual differences in opioid receptors underlie individual
differences in song production

Studying wild species in a naturalistic, dynamic social setting allows one the opportunity to
examine a potentially wider range of individual variation in behavior than that observed in
inbred laboratory housed species. In the opioid pharmacology study in starlings described
immediately above, males displayed a range of individual differences in song rate and could
easily be categorized as low- or high-singers based on the number of songs they produced
during vehicle treatment. Here the individual responses to opioid pharmacological
manipulations are reexamined by simply splitting the males into two approximately equal
groups made up of the lowest and highest singers (Fig. 2). Interestingly, differential responses
to opioid receptor pharmacological manipulations were identified for birds naturally inclined
to sing at low versus high rates. Treatment with the opioid agonist fentanyl uniformly abolished
song in all of the high singers. In contrast, low singers did not respond uniformly to fentanyl,
with some showing increases in song production and other decreases (Fig. 2). In contrast, the
opioid antagonist naloxone uniformly increased song production in low-singers, but resulted
inaless uniform response in high-singers (Fig 2). These findings suggest that differences might
exist in opioid receptor densities or binding affinity in individuals naturally communicating at
low versus high rates. The possibility that differences in opioid receptor numbers or dynamics
underlie individual differences in song production needs to be explored in future research.

Neuroanatomical basis of song

As highlighted in the introduction to this issue [ref], songbirds are unique in that they possess
a specialized group of interconnected brain nuclei devoted exclusively to song, known as the
song control system. Briefly, this system consists of at least two distinct neural pathways that
play roles in different aspects of song behavior. A forebrain pathway is involved in song
learning (e.g., Bottjer et al., 1984; Bottjer and Johnson, 1997; Doupe and Solis, 1997; Sohrabji
et al., 1990), and has more recently been implicated in song perception (e.g., Brenowitz,
1991; Burt et al., 2000; Riters and Teague, 2003) and the context in which a bird sings (Hessler
and Doupe, 1999; Jarvis et al., 1998). This pathway consists of a projection from HVC to Area
X, to the medial nucleus of the dorsal lateral thalamus (DLM), to the lateral portions of the
magnocellular nucleus of the anterior nidopallium (IMAN), which projects back to area X and
on to the robust nucleus of the arcopallium (RA, for review see Bottjer and Johnson, 1997). A
second pathway has been found to play a primary role in motor aspects of song production
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(e.g., Margoliash, 1997; Nottebohm et al., 1976). This pathway includes a projection from
HVC to RA, which sends descending projections both directly to the tracheosyringeal portion
of the hypoglossal nucleus (nXIIts) and indirectly to nXIIts via the dorsomedial nucleus of the
nucleus intercollicularis (DM; for review see Margoliash, 1997). (For updates in avian brain
nomenclature, see AvianBrain.org.)

Multiple studies in songbirds demonstrate enkephalin (both leucine- and methionine-
enkephalin) opioid innervation of song control nuclei including HVC, RA, area X and IMAN
across species (i.e., in zebra finches, European starlings, and song sparrows (Melospiza
melodia); Ball et al., 1988; Ball et al., 1995a; Ball et al., 1995b; Bottjer and Alexander,
1995; Carrillo and Doupe, 2004; Ryan et al., 1981). The boundaries of HVC and RA can also
be defined by dense mu, delta, and kappa opioid receptor subtypes, with mu and delta receptor
subtypes far outnumbering kappa in dark-eyed juncos (Junco hyemalis; Gulledge and DeViche,
1995; Gulledge and Deviche, 1999). The enkephalins bind preferentially to mu and delta opioid
receptors, indicating that enkephalins are well positioned to influence song behavior. Different
hypotheses have been proposed on the function of opioids within the song system. For example,
opioids might regulate seasonal plasticity within the song system or play a role in song learning
(Gulledge and DeViche, 1995; Gulledge and Deviche, 1999); however, few studies have
examined the behavioral significance of these findings.

Although a great deal is known about the specific function of nuclei of the song control system
in aspects of song such as learning, sensorimotor processing, and perception, little is known
about what activates this circuit, or what at a neurobiological level motivates birds to sing.
Activity within the song control system can differ depending on the motivational context in
which vocalizations are produced (Hessler and Doupe, 1999; Jarvis et al., 1998). Neuronal
firing inarea X and IMAN, and gene expression in area X, IMAN, and RA indicate that activity
within these regions is higher when male zebra finches are singing alone (undirected song),
compared to neural activity associated with song directed toward a conspecific (directed song)
(Hessler and Doupe, 1999; Jarvis et al., 1998). However, neither lesions to IMAN or area X in
adult male zebra finches disrupt song production (Bottjer et al., 1984; Nordeen and Nordeen,
1993; Nottebohm et al., 1976; Sohrabji et al., 1990). Furthermore, in male canaries, although
lesions to RA and HVC result in severe deficits in song production, lesioned birds continue to
assume a singing posture and display motor behaviors associated with song production,
indicating an intact motivation to sing (Nottebohm et al., 1976). It is predicted that opioids act
within the song control system to regulate aspects of song such as learning or sensorimotor
processing, whereas motivation and reward associated with song production are regulated by
opioid activity in regions outside the song control system.

Neural regulation of the motivation to sing

Given that song during the breeding season can be highly sexually motivated, brain areas
outside of the song control system, such as those involved in the anticipation of copulatory
behavior (e.g., POM) or motivation in general (e.g., VTA) are also likely to play an important
role in this type of singing behavior. Multiple studies highlight a role for the opioid rich POM
in song. The POM is largest in male starlings during, compared to outside of, the breeding
season, and largest in sexually active males that sing at high rates in response to a female
(Riters et al., 2000). Furthermore, in male starlings the volume of the POM relates positively
to song bout length (Riters et al., 2000). Males in this study sang longer songs in spring, when
a longer song bout serves to attract mates and repel competitors (Eens et al., 1991; Gentner
and Hulse, 2000; Mountjoy and Lemon, 1995), providing further evidence for POM
involvement in context-appropriate communication. Additional data reveal positive
relationships between the numbers of cells labeled for the immediate early gene cFOS within
POM and sexually-motivated song, but not undirected song in two studies on different species
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(European starlings and house sparrows (Passer domesticus); Heimovics and Riters, 2005;
Riters et al., 2004). Lesions to the POM in male starlings block song and other courtship
behaviors specifically within a sexually motivated context, but result in context-inappropriate
elevations in song within more generally motivated contexts (Alger and Riters, 2006; Alger et
al., 2009; Riters and Ball, 1999). Together, these data suggest that the POM plays an important
role in adjusting communication so that it is context-appropriate, and they suggest that the role
of POM in communication differs depending upon the social context.

Several studies also suggest the VTA differentially regulates song produced within multiple
social contexts. For example, in zebra finches electrophysiological activity in VTA increased
in males singing to females (Huang and Hessler, 2008; Yanagihara and Hessler, 2006).
Similarly, in male starlings, cFOS in VTA correlates with song in a sexually-motivated context,
but not song produced in flocks (i.e., undirected song; Heimovics and Riters, 2005). However,
in male song sparrows immediate early gene data also showed correlations with song produced
within an aggressive, non-sexual context (Maney and Ball, 2003), suggesting the role of VTA
in song also extends to song directed at conspecifics outside a sexually-motivated context.

Overall, these data suggest differential involvement of POM and VTA in the regulation of
communication within different social contexts. In birds, both the POM and VTA are densely
innervated with enkephalin opioid fibers and receptors (pigeons (Columba livia), domestic
chicks, dark-eyed juncos, zebra finches, European starlings; Bottjer and Alexander, 1995;
Csillag et al., 1990; Deviche et al., 1993; Gale and Perkel, 2006; Reiner et al., 1989; Riters et
al., 2005), suggesting these as sites in which opioids might act to regulate the motivation to
sing. VTA and POM share reciprocal neuroanatomical connections in male starlings (Riters
and Alger, 2004). VTA projects directly to nuclei involved in song production in canaries
(HVC, RA; Appeltants et al., 2000; Appeltants et al., 2002) and sends a dense dopaminergic
projection to area X in zebra finches (Lewis et al., 1981), a portion of the basal ganglia also
implicated in the context in which song is produced (Hessler and Doupe, 1999; Jarvis et al.,
1998). Thus, POM and VVTA are rich in opioids and ideally neuroanatomically positioned to
influence motivation and reward related to song production.

Evidence that opioids act within the POM and VTA to regulate song, perhaps
context-dependently

In addition to pharmacological manipulations supporting a role for opioids in song (Riters et
al., 2005; Schroeder and Riters, 2006), a study performed in male European starlings revealed
methionine-enkephalin (MENK) opioid immunolabeled fiber densities within POM and VTA
to relate positively to male song production. Song was recorded from male starlings singing
sexually-motivated or undirected song (in the spring breeding season or fall, respectively).
Males were sacrificed and the densities of MENK fibers labeled using immunocytochemistry
were examined within 12 brain regions, including song control nucleus HVC, the nucleus
intercollicularis in which opioid release may occur in response to vocal self-stimulation inring
doves (Cheng and Zuo, 1994), sites in which rats are known to self administer opioids, a
possible homologue of the nucleus accumbens, and other regions heavily innervated with
mENK. Of all the areas investigated significant relationships were detected only between song
production and mENK fiber density within the POM and VTA (Riters et al., 2005; Fig. 3 and
4). When seasons were considered separately, for VTA positive but non-significant
relationships were detected both outside and within a breeding context. Given that multiple
studies implicate VTA in general motivation in rats and primates (Bals-Kubik et al., 1993;
Cador et al., 1988; Devine and Wise, 1994; Druhan et al., 1990; Mogenson and Yang, 1991;
Nishino et al., 1987; van Furth and van Ree, 1996), these data suggest that mMENK release
within VTA may motivate or reward song production within multiple social contexts. When
data were analyzed by season for POM, a significant positive relationship was detected between
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song and mENK fiber density within POM outside, but not within the breeding season (see
regression lines in Fig. 3). Itis possible that these relationships were not statistically significant,
because when divided by season, the range of singing was truncated for birds observed in spring
(Fig. 3). However, it is also possible that mMENK within the POM is more closely related to
undirected song as compared to song that is sexually-motivated. Although the pharmacological
data clearly implicate opioids in the regulation of sexually-motivated song (Riters et al.,
2005; Schroeder and Riters, 2006), this finding is consistent with the idea that undirected song
may be more critically dependent upon internal reward mechanisms than song that is sexually-
motivated. In future work the effects of opioid receptor manipulations within VTA and POM
on sexually-motivated and undirected song should be investigated.

Testosterone and context-dependent opioid regulation of the motivation to

communicate

In starlings, as in other seasonally breeding songbirds, T is high in males singing sexually
motivated song during the breeding season and often undetectable outside of the breeding
season when males sing at high rates to maintain social contact (Dawson, 1983; Riters et al.,
2000; Riters et al., 2002). Enkephalin opioid densities are affected by T or its metabolites in
mammals, specifically within the preoptic area (e.g., Simerly et al., 1988; Watson et al.,
1986). In songbirds, T has not been strongly linked to opioids. For example, a non-significant
trend was observed for male chaffinches with high T to land and remain on perches triggering
song more than males with low T (Stevenson-Hinde, 1972), hinting that the activation of neural
reward systems by song may be T-dependent. Furthermore, in the study examining song and
the density of mMENK fibers in starlings reviewed above (Riters et al., 2005), the seasonal
patterns of MENK fiber densities within POM and VTA mirrored but did not relate significantly
to seasonal patterns of T concentrations. These data must be interpreted with caution, but hint
that T and opioids might interact to regulate song behavior, a possibility that must be examined
further.

Summary and conclusions

The idea that dopamine regulates motivated, goal-directed components of behavior, whereas
other neuromodulators such as opioids underlie the actual reward or pleasure associated with
a stimulus is gaining increasing support through studies examining feeding, sexual behavior,
and drugs of abuse. The studies reviewed here on the role of opioids in song and multiple
studies on dopamine and song (reviewed in [ref] of this issue) suggest this theory also applies
to birdsong.

As reviewed above, in males with high T concentrations song in response to a female can be
highly sexually-motivated, and directed towards a specific goal (a female). Song in this context
can result in immediate reinforcement through attraction of, and copulation with, a mate.
Dopamine within incertohypothalamic and mesolimbic systems has been specifically
implicated in the regulation of goal-directed, incentive motivation. Therefore it is hypothesized
that dopamine is involved in the regulation of song at times when it is highly motivated and
directed towards a particular goal (i.e., a female during the breeding season). In contrast, it is
expected that dopamine will play a lesser role in contexts in which communication is not highly
goal-directed, such as during song learning or song produced within large social flocks (i.e.,
undirected song). Consistent with this hypothesis, multiple studies using a variety of techniques
reveal a tight relationship between dopamine within VTA, POM, and area X (among other
regions) and sexually-motivated song in zebra finches and starlings (Barclay and Harding,
1990; Heimovics and Riters, 2008; Heimovics et al., 2009; Huang and Hessler, 2008; Rauceo
et al., 2008; Sasaki et al., 2006; Schroeder and Riters, 2006). Whether the role of these regions
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in song generalizes to “goal-directed” song that is not sexually-motivated must be examined
in future work.

Undirected communication has important functions (e.g., vocal learning or maintaining social
contact) and must somehow be reinforced to be maintained, however an immediate externally-
mediated reward resulting from this type of song is not apparent. Therefore, it is possible that
undirected song is reinforced internally, perhaps by opioid activity within incertohypothalamic
or mesolimbic neural systems (Cheng and Durand, 2004). Furthermore, within a breeding
context, prior to any experience with a female, it may be that reinforcement associated with
song plays a role in initiating song. Therefore, it is expected that opioids might be important
for internal reinforcement of vocal communication in both sexually-motivated and undirected
contexts but that opioids may be most critically involved in regulating undirected song, which
has no obvious external reinforcer. In support of these predictions, converging data indicate
that opioid rich brain areas involved in motivation and reward (including POM and VTA),
differentially regulate sexually motivated versus undirected song production (e.g., starlings,
house sparrows, and zebra finches; Alger and Riters, 2006; Heimovics and Riters, 2005; Huang
and Hessler, 2008; Riters et al., 2000; Riters et al., 2004; Yanagihara and Hessler, 2006).
Furthermore, although opioids have been found to relate to song production in both sexually-
motivated and undirected contexts in starlings (Riters et al., 2005; Schroeder and Riters,
2006), there is some evidence that mMENK immunolabeling densities in POM are more tightly
linked to undirected song (Riters et al., 2005; Schroeder and Riters, 2006). Together these data
suggest that dopamine activity may underlie the motivation or drive to sing, but that opioid
release is what reinforces song production.

The role of opioids in song to date has only been examined in association with song produced
during mate attraction and in large social flocks; however, song plays a role in social
interactions within many additional contexts. For example, another primary function of male
song during the breeding season is territorial defense (Catchpole and Slater, 1995b). Song in
this context is elicited by the presence of an intruding male and may be considered “goal-
directed”, with the goal of repelling a competitor. One possibility is that song in this context
is negatively reinforced (i.e., strengthened through reduction of negative agonistic interactions
withamale). Datato date in male European starlings suggest that song used to repel competitors
relates to dopamine D1 receptors within a subset of brain regions that is partially distinct from
the regions in which D1 receptors are found to relate to sexually-motivated song (Heimovics
et al., 2009). These data suggest context-dependent differences in the neural circuits in which
dopamine acts to influence song. The role of opioids in territorial song has yet to be explored.
Studies examining the role of opioids and dopamine in song produced in additional distinct
social contexts that differ in terms of what motivates song and potentially what reinforces song
(such as the context of territorial defense) are needed to explore further the hypothesis that
dopamine underlies the motivation to sing but that opioid release is what makes song
production rewarding.
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A) Mean number of complete song bouts produced by male starlings during 2 test days after
vehicle treatment and two test days after treatment with the opioid receptor antagonist
naloxone; n = 14 in each condition, B) Mean bouts of feeding and drinking over the 2 test days
for vehicle and naloxone treated males; C) Mean total times a male starling initiated song during
2 test days after treatment with vehicle and 2 test days after treatment with the opioid receptor
agonist fentanyl; n = 14 in each condition, D) Mean bouts of feeding and drinking over the 2
test days for vehicle and fentanyl treated males. * indicates p< 0.05. Figures A and B redrawn
from data reported in (Riters et al., 2005). Figures C and D redrawn from data reported in
(Schroeder and Riters, 2006).
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Figure 2.

Re-plotting of data from Fig. 1 showing the results of effective doses of the opioid receptor
antagonist naloxone and agonist fentanyl on measures of song production in individual starlings
split into low- versus high-singing groups based on song production under vehicle treatment.
Open squares show song in individuals treated with control solution. Filled circles show song
in individuals treated with drug. See text for additional detail.
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Figure 3.
Scatterplots illustrating relationships between male song production (Mean arcsine
transformed number of minutes at which each male was singing during one hour on 5 test days)
and mENK fiber density in the rostral portion of the POM (rPOM), the caudal portion of POM
(cPOM), and the VTA. Each dot represents data from a single male. Black dots represent data
from males observed singing undirected song outside the breeding season. Gray dots represent
males observed singing sexually-motivated song during the breeding season. For each
scatterplot, the r? and thick black regression line are for the regressions performed on data from
breeding and non-breeding males combined. The thin dark gray line is the regression line for
males singing sexually-motivated song (rPOM: r2=0.01, p = 0.80, cPOM: r2=0.005, p=0.87,
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VTA:r2=0.20, p =0.26). The light gray line is the regression line for males singing undirected

song (VTA: r2=0.53, p = 0.06, rPOM: r2 = 0.70, p = 0.009, cPOM: r2 = 0.56, p = 0.03). See
text for additional detail. Figure from (Riters et al., 2005).
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Figure 4.

Darkfield photomicrographs illustrating mENK fiber density in the rostral portion of the POM
(rPOM), the caudal portion of POM (cPOM), and the VTA of a male that did not sing and a
male that sang at high levels. Arrows point to the boundaries of POM and VTA. TSM = tractus
septomesencephalicus, AC = anterior commissure, v = ventricle, nlll = 3™ cranial nerve. Figure
from (Riters et al., 2005).
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